The evolution of polytypism during GaAs nanowire growth was investigated by in situ X-ray diffraction. The growth of nanowires was found to start with the formation of zincblende structure, followed by the growth of wurtzite structure. The growth process was well reproduced by a simulation based on a layer-by-layer nucleation model.
Introduction
Semiconductor nanowires have been extensively studied because their highly anisotropic shapes are expected to lead unique applications, such as vertical transistors, Later, the Au-assisted VLS mechanism was found to also work for the growth of III-V semiconductors. 6, 7 Recently, catalytic functions of elements present in the growth material has been discovered in systems such as Ga droplets for GaAs nanowires, [8] [9] [10] [11] Ga for GaAsSb 12 and In for InAs.
13,14
Nanowires of III-V semiconductors are known to show polytypes including the 4H and wurtzite (WZ) structures in addition to the zincblende (ZB) structure that is the most stable in the bulk.
15-17
Since the electronic and optical properties of nanowires are sensitive to the crystal structure, 18, 19 much effort has been devoted to phase purification [20] [21] [22] [23] and active control of polytypes.
24-29
For these purposes, an understanding of the polytype formation is strongly required.
30
The polytypism found in III-V semiconductor nanowires has been discussed in relationship to the surface energy of the side facets of nanowires. Ab initio calculations, 31 an energy calculation based on an empirical potential, 32 and a thermodynamic model 33 have suggested that the relative stability of the ZB structure in the bulk does not hold for nanowires with small enough diameters, for which the WZ structure is stabilized by relatively large surface contributions to the total energy. For this reason, the stability of the WZ structure is greatly influenced by the crystallographic orientation of the side facets.
34-36
For the VLSgrown GaAs nanowires, formation of the ZB and WZ segments bounded by {111} and {1010} facets, respectively, has been well established, 24, 25, 37, 38 while the facets oriented in {110} and {1120} have been known for nanowires grown by selective growth.
39
In addition to the structural stability in equilibrium, however, growth kinetics must also be considered for a full understanding of the polytype formation.
9,40
The energy difference between ZB and WZ is so small that stacking faults and phase mixing can be brought about by thermal fluctuations at typical growth temperatures. The dependence of the polytype formation on growth conditions including temperature and incoming molecular-beam flux can be incorporated into the model by considering the energy barrier for the formation of a two-dimensional nucleus at the VLS triple phase line. On the basis of this nucleation model, the preferential nucleation of the ZB or WZ structure has been attributed to the supersaturation of the catalytic liquid , [40] [41] [42] [43] the interfacial energy between the liquid and vapor phases, 44 and the shape of the liquid.
45
For the study of nanowire growth involved with kinetics, progress has recently been made by in situ measurements.
46-52
Among them, X-ray diffraction has emerged as a suitable tool for identification of polytypes.
37,53,54
An advantage of X-ray diffraction is its good statistics resulting from simultaneous measurement of the entire part of more than 10 6 nanowires included in the X-ray beam size, which can be as large as ∼ 0.5 × 0.5 mm
2
. In this paper, we present in situ X-ray diffraction results revealing the transition of the crystal structures formed in Au-seeded GaAs nanowires during molecular-beam epitaxial (MBE) growth. While the diffraction peaks corresponding to specific crystalline phases were focused on in previous in situ X-ray work, [50] [51] [52] the X-ray diffraction profiles along the reciprocal lattice rod and its radial extent were also measured in the present work. By virtue of the X-ray measurements covering a wide range of reciprocal space, stacking faults, average length of ZB or WZ segments and the average diameter of nanowires were characterized. Through comparison with X-ray diffraction profiles simulated on the basis of the nucleation model, the critical role played by the side surface energy of the nuclei for polytype formation has been clarified.
Experimental details
Experiments were performed at the synchrotron radiation beamline 11XU at SPring-8 using a molecular beam epitaxy chamber integrated with a surface x-ray diffractometer. by Rh-coated bent mirrors and Ta-blade slits. X-ray diffraction measurements were performed under in situ conditions while the nanowire growth was temporarily interrupted. We measured the intensity distribution along the reciprocal rod, (1,-1, L X-rays were collected by a two-dimensional X-ray charge coupled device (CCD) detector, which was placed at a distance of 700 mm from the the sample. With the help of the two dimensional imaging enabled by this detector, the diffraction signal from the crystal and the background including the thermal diffuse scattering could be separated. At each point of L, the X-ray intensity was integrated over the diffraction peak and the background intensity was subtracted. The X-ray diffraction profile is related to the structure factor of nanowires by the following equation,
where Q z is the surface normal component of Q, r e the electron classical radius, P the polarization factor and S = |a × b|. Note that Q z and P are functions of the diffraction indices, H, K and L. The diffraction peaks are broadened by the finite size of the nanowires.
The width of the diffraction peak in reciprocal space, ∆Q, is related to the coherence size of the scatterer as D ∼ 0.9(2π/|∆Q|). Using this formula, the diameter of nanowires can be estimated.
The substrate was cut from a mechanochemically polished GaAs(111)B wafer and pasted on a molybdenum block with In. After the substrate was transferred to the growth chamber, native oxide layers were desorbed by heating the sample up to 590
• C in an As pressure of
Pa as confirmed by a spotty pattern of reflection high energy electron diffraction.
Subsequently, Au was deposited at a substrate temperature of 560
• C from a Knudsen cell source. The deposited amount of Au was calibrated as 1.8 nm thick using a separate X-ray reflectivity measurement. The growth of GaAs was performed at a substrate temperature of 480
• C and an As pressure of 8.5×10
−4
Pa. By X-ray diffraction, it was confirmed that Au-Ga alloy remained melted at this temperature. The deposition rate of Ga corresponded to a two-dimensional growth rate of 200 nm/h in the homoepitaxial growth of GaAs(001).
The GaAs nanowires were grown for 30 to 60 sec with ∼30 minute intervals for the X-ray scan along L. The influence of the growth interruption on the nanowire structure was not discernible by in situ X-ray diffraction and post-growth scanning electron microscopy.
Results and discussion This suggests that, even before starting the deposition of Ga, a small amount of crystalline GaAs was precipitated from the Au-Ga alloy while the substrate was cooled down to the growth temperature of 480
• C from 560
• C, at which point Au was deposited. The intensity enhancement around L = 3 does not originate from the Bragg reflection of the WZ GaAs, because peaks are absent at L = 1.5 and 4.5. Rather, it is ascribable to an interfacial ordering similar to that reported for InP nanowire growth.
56
The growth of GaAs nanowires was initiated by the formation of the ZB structure, which was characterized by an increase in intensity at L = 1 and 4. The exclusive growth of the ZB phase continued for 90 s. After this point in time, the WZ peaks were found to show up at L = 1.5, 3.0 and 4.5. A closer look at the diffraction profiles after 210 s shows additional weak peaks attributable to the 4H structure at L = 2.25 and 3.75. Thus, it is concluded that the preferred crystal structure of the nanowires changes from the ZB to more hexagonal is that the diameter of the WZ nanowires significantly decreases with the appearance of WZ peaks at 120 s. As the growth of nanowires proceeded, the diameter of WZ segments gradually increased and the difference in diameter between ZB and WZ was indiscernible after 210 s. These results suggest that thin nanowires are prone to adopting the WZ structure.
It should be noted that there is a considerable size variation in catalyst droplets, and thus in the diameter of nanowires. Among those nanowires, WZ segments are formed earlier in relatively thin nanowires than in thick ones. At the later stage of growth, WZ segments were formed in thick nanowires as well and the difference in diameter was no longer observed. To get insight into the growth mechanism resulting in the measured X-ray diffraction profiles, comparison was made with simulations based on a nucleation model, where twodimensional nuclei are stacked on the top facet of the nanowire, stochastically following the ZB or WZ stacking sequence. As shown in Fig. 3 , the ZB and WZ GaAs structures can be regarded as stackings of Ga-As pairs, which consist of Ga and As atoms separated by ∆r = c/4 in the {111} direction. The normal stacking of the ZB structure gives rise to a horizontal shift of ∆R = (a + 2b)/3 along with a vertical shift of c/3, while faulted stacking causes a horizontal shift in the opposite direction, −∆R. Consequently, the structure factor Figure 5 : Simulated X-ray diffraction profiles under the assumption that the side surface energy of a nucleus is independent of the preceding crystal structure of the nanowire. The fraction of the triple phase line in contact with side facets of the nanowire was varied from 0 to 1. of the whole nanowire crystal, consisting of a series of stacked layers, is given by
using the structure factor of a Ga-As pair,
and a series of numbers, {s j }, which represents the stacking sequence. For perfect ZB stacking, s j are all unity, while the WZ structure is expressed by alternating numbers as Fig. 4 . The side walls of the ZB and WZ segments are known to be terminated by {111} and {1010} planes, respectively. To estimate the probability of each stacking pattern, we employ the nucleation theory.
40-43
In VLS growth, nuclei are formed at the triple phase line, where the vapor-liquid (VL), solid-vapor (SV) and solid-liquid (SL) interfaces are involved. Nucleation theory states that, if the two-dimensional nucleus is approximated by a semicircle with its diameter shared with the triple phase line, the energy barrier for appending a nucleus of type n = a, b, c or d is given by
where ∆µ is the the difference of the chemical potential of Ga between the catalyst droplet and the crystal. The stacking energy, σ i , can be written as 
where d is the height of the monoatomic step. Since the side surface component at the solid-
, is expected to be independent of the crystal structure of the nucleus, it should be identical to the step energy of ZB GaAs, γ
.
57
The parameter χ represents the fraction of the triple phase line simultaneously shared by the top and side facets. Its value can vary depending on the contact angle and volume of the liquid catalyst droplets staying on the top of nanowires. Now that the energy barrier, ∆G n , can be calculated for stackings (a)-(d), the probability of the formation of stacking n is obtained by
Following these stacking probabilities, we simulated the growth of 500 nanowires, each of which consists of 450 atomic layers. Figure 5 shows simulations of X-ray diffraction profiles along the 11 rod, varying the fraction χ of the triple phase line shared by the top and side facets simultaneously. The critical supersaturation for nucleation was fixed at ∆µ = 7.0
. With increasing χ, WZ peaks at L = 1.5, 3, and 4.5 grow larger than the ZB peaks at L = 1, 4 and 5, owing to the lower side surface energy of the WZ nuclei. However, both the ZB and WZ peaks in the simulated curves are so broad that the measured X-ray diffraction profiles shown in Fig. 1 cannot be reproduced, even if the critical supersaturation for nucleation allowed to vary. . The presence of this extra energy barrier has also been suggested by a recent X-ray study.
52
The side walls of the differently-oriented facets may account for the energy barrier hindering the alternation of the ZB and WZ structures. Apart from the statistical behavior of the stacking sequence, the experimental results
show that the ZB GaAs preferentially grows during the initial stage of the growth, and that
the WZ GaAs appears after a delay. Since the external growth parameters, including the substrate temperature and the flux of III-and V-group elements, were unchanged throughout the growth, this growth mode transition can be ascribed to two possible changes in local growth conditions. Firstly, at the beginning of the growth of the nanowires, the whole triple phase line is on the substrate surface. Thus, χ should increase from zero with the progress of growth. The increase of χ is likely to be sustained by the tapered structure, which is known to form at the base of nanowires.
40
This change can enhance the WZ formation, as simulated in Fig. 6 . Secondly, Ga in the liquid phase should be in equilibrium with Ga in the substrate before starting growth. As soon as the supply of Ga is turned on, supersaturation will increase along with the concentration of Ga in the droplets. For comparison with the X-ray diffraction profiles measured with the progress of nanowire growth, a simulation was performed with χ changing as that a change of supersaturation cannot be ruled out since supersaturation should be zero at the beginning of growth. The implication is that, while χ gradually increases from zero to unity with completion of the side walls of the nanowires, supersaturation reaches steady state so quickly that it can be treated as constant except at the very initial stage of growth.
This mechanism for the transition from ZB to WZ growth is consistent with the earlier transition for nanowires with a smaller diameter. Although the effects of nanowire size on polytypism is not explicitly incorporated into the nucleation theory described in the present paper, the size of catalysts affects the preferential crystal structures through χ and ∆µ. For smaller droplets, even slight change in the volume or the contact area with the top factet of nanowires is more influential on the shape of the triple phase line and thus χ. In addition, steady state of ∆µ under given molecular flux is attained earlier because of their large ratio of surface to volume. These changes in local growth conditions can help the transition from ZB to WZ growth.
Conclusion
In summary, the growth process of Au-seeded GaAs nanowires was investigated by in situ X-ray diffraction. The growth of nanowires was found to start with the formation of ZB structure, followed by growth of WZ structure. Comparison with a simulation based on the nucleation model shows the presence of high surface energies for the ZB nucleus on WZ, and the WZ nucleus on ZB. Transition of the prevalent growth from ZB to WZ is ascribed to the change of shape of catalyst droplets, while supersaturation reaches steady state under a
given Ga flux at an early stage of growth.
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The evolution of polytypism during the growth of Au-seeded GaAs nanowires was investigated by in situ X-ray diffraction. Measured profiles were well reproduced by a layer-by-layer nucleation model. The results confirm that an energy barrier preventing the stacking changes is present and that the transition in prevalent structure is due to the change of local growth conditions.
